Primary progressive aphasia (PPA) is clinically defined by an initial loss of language function and preservation of other cognitive abilities, including episodic memory. While PPA primarily affects the left-lateralized perisylvian language network, some clinical neuropsychological tests suggest concurrent initial memory loss. The goal of this study was to test recognition memory of objects and words in the visual and auditory modality to separate language-processing impairments from retentive memory in PPA. Individuals with non-semantic PPA had longer reaction times and higher false alarms for auditory word stimuli compared to visual object stimuli. Moreover, false alarms for auditory word recognition memory were related to cortical thickness within the left inferior frontal gyrus and left temporal pole, while false alarms for visual object recognition memory was related to cortical thickness within the right-temporal pole. This pattern of results suggests that specific vulnerability in processing verbal stimuli can hinder episodic memory in PPA, and provides evidence for differential contributions of the left and right temporal poles in word and object recognition memory.
Introduction
Primary progressive aphasia (PPA) is a neurodegenerative dementia syndrome clinically characterized by the selective loss of language and initial preservation of other cognitive abilities, including episodic memory (Mesulam, 2003) . Despite the prevailing notion that PPA primarily affects language, some studies have reported initial memory deficits (Hutchinson and Mathias, 2007; Zakzanis, 1999) . However, the verbal assessment methods used in these studies could not determine whether the problem was secondary to the aphasia or also indicative of a general episodic memory failure.
Episodic memory depends on effective stimulus processing and successful binding into a durable representation (Eichenbaum, 2000) . Poor verbal memory in PPA could therefore be due to upstream deficiencies in stimulus processing (a language-driven impairment) or due to more downstream deficiencies in relational binding (a memorydriven impairment) (Neary and Snowden, 1996; Osher et al., 2007) .
Based on the nature of the language impairment, PPA has been subdivided into three clinical variants (Gorno-Tempini et al., 2011) . Relative to individuals with semantic PPA, non-semantic variants of PPA (agrammatic and logopenic subtypes) have preserved single word comprehension. Individuals with non-semantic PPA can exhibit agrammatism, loss of fluency, and poor repetition (Gorno-Tempini et al., 2011; Grossman, 2012; Mesulam et al., 2009; Weintraub et al., 1990) . In concert with these language impairments, individuals with nonsemantic PPA often show peak cortical atrophy within the left inferior frontal gyrus (IFG) or temporal parietal junction (TPJ). As the disease progresses, atrophy spreads to other components of the language network (Rogalski et al., 2011 (Rogalski et al., , 2014 . The hippocampus is not an initial site of peak atrophy in PPA.
The left IFG, known as Broca's area, is specialized for phonological encoding and fluency (Hickok and Poeppel, 2007; Xiang et al., 2010) . The left IFG is structurally connected via the arcuate fasciculus to the left temporal parietal junction, a site that is likely to be important for integrating visual and auditory information (Raij et al., 2000) . The adjacent superior temporal gyrus acts as an auditory association area, serving the phonological loop and auditory working memory (Leff et al., 2009) . The inclusion of these areas within the regions of peak atrophy in non-semantic PPA suggests that individuals with PPA may have vulnerability in processing auditory stimuli in the verbal modality.
The role of the temporal poles in object and language processing is debated. Studies of patients with semantic dementia (with bilateral anterior temporal lobe atrophy), have proposed that both the left and right temporal lobe contain domain-independent object representations (Patterson et al., 2007; Pobric et al., 2007 Pobric et al., , 2010 . In contrast, other studies have dissociated verbal from non-verbal markers of object knowledge and suggest disparate domain-specific roles for the temporal poles. This model suggests that the left temporal pole acts in part with the left lateralized language network and is critical for verbal and semantic associations of objects; whereas the right temporal pole acts within the predominantly right-lateralized or bilateral object recognition network (Hurley et al., 2012; Mesulam et al., 2015 Mesulam et al., , 2013 .
Our group has previously studied recognition memory in PPA. We found a higher incidence of false alarms for visually presented words compared to objects, especially among semantically related foils (Rogalski et al., 2007) . The present study aims to extend these findings by examining the anatomical substrates related to language processing and subsequent memory performance using object and word stimuli in both the visual and auditory modalities. The goal was to dissociate language-processing impairments from episodic memory impairments in mild non-semantic PPA.
Methods

Participants
Twenty-two participants with PPA and fourteen age-matched cognitively normal controls participated in this experiment. All participants were right-handed.
PPA participants were recruited from the PPA Research Program at the Cognitive Neurology and Alzheimer's Disease Center (CNADC) at Northwestern University. PPA participants were clinically diagnosed by a neurologist (MMM), and subtyped as non-semantic by established criteria (Gorno-Tempini et al., 2011) . Eight participants were characterized as logopenic, 12 participants were characterized as agrammatic, and 2 participants were unclassifiable as either strictly agrammatic or logopenic. All PPA participants therefore had prominent deficits in grammatical processing or fluency with preserved single word comprehension. Participation in the research program included a series of neuropsychological tests assessing overall cognition, and structural neuroimaging. Normal controls were recruited from the Clinical Core at the Northwestern University Alzheimer's Disease Center. All control participants reported no history of neurologic or psychiatric condition. Through participation in the Clinical Core, control participants also received series of neuropsychological tests confirming normal cognitive functioning (defined as within 1 standard deviation of age normed scores) within 3 months of participation in this experiment. All participants gave written informed consent, and were monetarily compensated for their time. Northwestern University Institutional Review Board approved all study procedures.
Neuropsychological measures
To better characterize the participants included in this study, a series of neuropsychological tests were conducted during each study visit. To characterize aphasia, language specific measures were collected within the PPA cohort. Western Aphasia Battery -Aphasia Quotient (WAB) (Kertesz, 1982 ) is a composite measure of aphasia severity based on auditory comprehension, naming, repetition and spontaneous speech production. The 60-item Boston Naming Test (BNT) (Kaplan et al., 1983 ) was used to measure object naming. A subset of 36 moderately difficult items (#157-192) from PPVT (Peabody Picture Vocabulary Test) (Dunn, 2007) was also used to measure auditory lexical-semantic processing and verbal comprehension. Diadochokinetic rate (how quickly a participant can accurately repeat a series of phonetic sounds [puh/tuh/kuh] over 5 s), and deterioration in articulation with the increase of syllable word length [thick, thicken, thickening] , were used to characterize the presence of motor speech impairments, based on standardized tests from an apraxia battery (Dabul, 2000; Wertz et al., 1984) . In all study participants, the Mini Mental State Exam (MMSE) (Folstein et al., 1975) was used to measure overall dementia severity. Table 1 presents the neuropsychological data comparing and characterizing each diagnostic group. Two control participants received the Montreal Cognitive Assessment (MoCA) (Nasreddine et al., 2005) rather than the MMSE, and their scores were accordingly converted (Roalf et al., 2012) . Independent sample t-tests and chi-square tests were used to compare both groups where appropriate. Age between both groups (t(1,34)=0.08, p=0.94) and gender distribution (χ 2 =0.77, p=0.38) were matched. As expected in an aphasic sample (Osher et al., 2007) , MMSE was significantly lower for PPA patients (t(1,34)=6.35, p < 0.001), as was performance on the PPVT (t(1,34)=3.52, p=0.002).
Stimuli
This study examined recognition memory performance over three modality conditions: auditory words, visual words, and visual objects. All stimuli were high-frequency concrete namable items presented via SuperLab Pro v2.0.3. Frequency was matched for each condition. Mean frequency was 15.710 as measured by the Corpus of Contemporary American English (Davies, 2008) .
Visual stimuli were presented at the center of the screen (1920×1080 pixel resolution) for 2000 ms. Objects were a subset of color-line drawings (derived from (Rossion and Pourtois, 2004) ). Words (6.25 ± 2.11 letters) were horizontally presented and appeared in 72-point font. Auditory words were presented in a male native English voice for variable times (723.086 ± 192.25 ms) depending on the length of the word (6.35 ± 2.19 letters). During the presentation of an auditory stimulus, a sound icon would visually appear at the center of the screen to indicate stimulus onset.
Each condition had distinct stimuli. For example, if a rooster appeared as a visual object, the visual word "rooster" and the auditory word "rooster" were not used. Stimulus presentation order within each modality was randomized.
Task design
Instructions were presented both visually and orally. The main task consisted of two phases: study phase and test phase. At the onset of each study phase, three stimuli were presented as practice trials. The practice Neuropsychologia 100 (2017) 10-17 trials were implemented to ensure adequate volume for auditory stimuli and complete comprehension of task instructions. During the study phase, participants were presented with a total of 36 stimuli (12 in each condition). Participants were not explicitly instructed to remember the item. Rather, participants were asked to view each target item (one at a time; 1000 ms ISI) and make a perceptual judgment. Participants responded 'YES' or 'NO' (colored green and red respectively) via buttons to the question: "Does the (target item) fit in one hand?" This was implemented to ensure adequate attention and encoding to each stimulus presentation. Following a 20-min delay, participants were given an incidental recognition test in which they had to again respond 'YES' or 'NO' (again, colored green and red respectively) to whether or not each item was one they had seen or heard before. Thirty-six additional novel items (12 for each condition) were included as foils within the test phase. Stimuli were presented for the same duration in both the study and test phase. Participants had up to five seconds to respond before the onset of the next stimulus. For both the study and test phase, participants were asked to respond as accurately and quickly as possible. All responses were made using clearly labeled buttons on a computer keyboard. Trials during study and test were blocked by format (e.g., visual object, auditory word). Format condition was randomized; however condition order was maintained between study and test phases for each participant to ensure consistent delay intervals (Fig. 1A) .
After completion of the test phase, each participant also completed a comprehension assessment for each stimulus format condition. As each target stimulus was presented, participants were asked to correctly identify the matching visual word from a set of eight choices. These eight items included foil stimuli used in the main memory experiment. For the visual word condition, participants identified the matching visual object. Comprehension data were not collected for two participants.
Behavioral analysis
Responses were converted to total hits (correctly identifying a studied target) and false alarms (incorrectly identifying a non-studied foil as a studied target). Overall recognition was first assessed using d', a measure of signal sensitivity. The degree to which old (target) items could be discriminated from new (foil) items was calculated using d' = z(H) -z(FA) (where H = hit rate, FA = false alarm rate). We also calculated response bias, the tendency to only produce 'old' or 'new' responses, using c =(−0.5)[z(H) + z(FA)], where a positive c indicates a conservative bias, or the tendency to produce a 'new' response.
In order to understand how recognition memory differed by stimulus modality in PPA and control, ANOVAs were conducted separately for signal sensitivity, response bias, total hits, false alarms, and reaction time. Each ANOVA was designed with one betweensubjects factor of diagnosis (PPA, control) and one within subject factor of stimulus modality (visual object, visual word, auditory word). For all significant effects, post-hoc Bonferroni-corrected parametric t-tests were completed and presented. To ensure adequate encoding, participants are asked to make a perceptual judgment for each stimulus. After a 20-min delay, participants are given a surprise (i.e., incidental) yes/no recognition test to identify 36 targets among 36 novel distractors. (B) Mean hits and false alarms for PPA (n=22) and control (n=14) participants across each stimulus modality. Significant within-group pair-wise comparisons between stimulus modalities are indicated by an asterisk (*). Error bars represent standard deviation of the mean.
A.S. Nilakantan et al. Neuropsychologia 100 (2017) 10-17 For all dependent variables (for each diagnosis group, at each stimulus modality condition), Shapiro-Wilk tests of normality were conducted. Reaction time was logarithmically transformed prior to analysis in order to use parametric statistics. In the case of total hits and false alarms, for which at least one distribution (modality x group) deviated from normality, a non-parametric mixed-design permutation test with one between-subjects factor of diagnosis (PPA, control) and one within subject factor of stimulus modality (visual object, visual word, auditory word) were performed. Similarly, for all significant effects, post-hoc nonparametric Wilcoxon paired t-tests were used. When applicable, both parametric and non-parametric results are reported.
MRI acquisition
MRI data were collected for 21/22 PPA participants using a Siemens 3 T TIM Trio whole-body magnet (Siemens AG, Erlangen, Germany) with a 12-channel head coil, provided by Northwestern University Center for Translational Imaging (CTI) Facility, supported by Northwestern University Department of Radiology. A T 1 -weighted 3D MPRAGE structural sequence was acquired (with TR=2300 ms, TE=2.91 ms, FOV=256 mm, flip angle=9°, TI=900 ms, and 1 mm 3 voxel resolution collected over 176 sagittal slices) within 24 h of completion of the memory task.
MRI analysis
Structural MRIs were pre-processed using FreeSurfer (v5.1.0; http://surfer.nmr.mgh.harvard.edu/). Surface errors were removed by manual iterative correction directed by established guidelines (Segonne et al., 2007) . Cortical thickness was calculated by measuring the distance between modeled representations of the white-grey boundary and pial-CSF boundary (Dale et al., 1999) . To identify patterns of peak atrophy within our PPA sample, whole-brain vertex-wise cortical thickness in PPA participants was compared to a separate group of 35 right-handed cognitively healthy normal-controls (62.26 ± 7.22, 17M:18F, MMSE: 29.51 ± 0.74), described previously in (Rogalski et al., 2014) . A vertex-wise general linear model was used to detect peak cortical atrophy using a relatively stringent FDR (False Discovery Rate) of 0.001 (Genovese et al., 2002) .
Thickness was then extracted from four a priori regions of interest (ROIs; Fig. 3A ) using standard FreeSurfer algorithms in subject-native space: the left inferior frontal gyrus (L-IFG), left posterior superior temporal gyrus (L-STG), left temporal pole (L-TP), and right temporal pole (R-TP). The left inferior frontal gyrus ROI was created by merging the left pars triangularis and left pars opercularis using the DesikanKilliany atlas embedded within the FreeSurfer software suite (Desikan et al., 2006) . Similarly, the superior temporal gyrus ROI included both the posterior third of the superior temporal gyrus and the superior temporal sulcus from the Desikan atlas.
For each ROI, mean thickness was first compared between our sample of 21 PPA and 35 normal controls using independent t-tests, Bonferroni corrected for multiple ROI tests. Then, to investigate the relationship between false alarms and cortical thickness within PPA, pairwise Pearson correlations were conducted separately for each condition (visual objects, visual words, and auditory words) with each ROI. Residuals of each regression were tested for normality using Shapiro-Wilk test. If normality was violated, a non-parametric Spearman rank correlation was performed. A significance criterion of p=0.0125 was applied based on a Bonferroni correction for multiple ROIs.
Results
Overall recognition
Compared to controls, participants with PPA were less able to discriminate between targets and foils ( Table 2) . Analysis of d' revealed a main effect of diagnosis (F(1,34) =28.96, p < 0.001), such that across all conditions, d' significantly differed between diagnosis groups, as PPA had significantly lower d' than controls (t(1,34)=5.38, p < 0.001). There was also a main effect of stimulus modality (F (2,68) =17.19, p < 0.001), such that all participants had greater d' for visual objects compared to auditory words (t(1,35)=5.88, p < 0.001) and compared to visual words (t(1,35)=3.65, p < 0.001). There was no significant interaction between diagnosis and stimulus modality (p=0.071).
Both participants with PPA and controls had a conservative bias, and were more likely to respond 'new' instead of 'old' ( Table 2) . Analysis of bias revealed a main effect of diagnosis, such that across all conditions, participants with PPA had less of a tendency to respond 'new' than controls (t(1,34)=2.38, p=0.02). There was no main effect of stimulus modality (p=0.17) and no significant interaction for bias between modality and diagnosis (p=0.12). Thus, both signal sensitivity and response bias did not capture any specific effect of stimulus modality on recognition memory in PPA.
It is important to note that PPA participants scored 100% on comprehension for target items for each condition. High scores are consistent with preserved single-word comprehension characteristic of non-semantic PPA and suggest that comprehension for the stimuli involved in this task did not affect recognition memory performance across conditions.
Hits and false alarms
In order to understand how recognition memory differed in PPA and control, we next tested the effect of stimulus modality on hits and false alarms. Parametric analysis of hits (Fig. 1B) revealed a main effect of stimulus modality (F(2,68)=14.63, p < 0.001) such that irrespective of diagnosis, all participants had more hits for visual objects compared to visual words (t(1,35)=4.79, p < 0.001) and compared to auditory words (t(1,35)=5.62, p < 0.001). There was no main effect of diagnosis (p=0.18) and no interaction between diagnosis and stimulus modality (p=0.96).
False alarm analysis revealed a main effect of diagnosis (F(1,34) =20.12, p < 0.001), such that participants with PPA had greater false alarms than controls irrespective of stimulus modality (t(1,34)=4.48, p < 0.001). There was also a main effect of stimulus modality (F(2,68) =8.98, p < 0.001). Interestingly, there was a significant interaction of diagnosis and stimulus modality (F(2,68)=4.84, p=0.01). Post-hoc ttests indicated that participants with PPA had greater false alarms for auditory words compared to visual objects (t(1,21)=3.91, p=0.002) and compared to written words (t(1,21)=3.25, p=0.01; all other pairwise comparisons p > 0.1) whereas controls showed no difference across all stimulus modalities (all pairwise comparisons p > 0.1).
Results were consistent using non-parametric permutation tests. Analysis of hits revealed a main effect of stimulus modality (p < 0.001). There was no main effect of diagnosis (p=0.2) and no interaction between diagnosis and stimulus modality (p=0.93). A non-parametric A.S. Nilakantan et al. Neuropsychologia 100 (2017) 10-17 analysis of false alarms revealed a main effect of diagnosis (p < 0.001), a main effect of stimulus modality (p=0.003), and a significant interaction between stimulus and modality (p=0.02), such that participants with PPA had greater false alarms for auditory words compared to visual objects (p=0.0027), and visual words (p=0.028) whereas controls showed no differences across all stimulus modalities (all pairwise comparisons p > 0.1). Thus, while total hits did not differ from controls, individuals with PPA more false alarms across all conditions, and notably, had more false alarms for auditory words.
Reaction time
Analysis of reaction time revealed a main effect of diagnosis (F (1,34)=28.31, p < 0.001), such that participants with PPA had longer response times than controls irrespective of stimulus modality (t(1,34) =13.73, p < 0.001). There was also a main effect of stimulus modality (F(2,68) =4.92, p < 0.001). Consistently, there was a significant interaction of diagnosis and stimulus modality (F(2,68)=4.84, p=0.01). Post-hoc t-tests indicated that participants with PPA had longer reaction times for auditory words compared to visual objects (t (1,21)=8.362, p < 0.001), and compared to written words (t(1,21) =3.30, p=0.024; all other pairwise comparisons p > 0.1), whereas controls showed no difference across all stimulus modalities (all pairwise comparisons p > 0.1). These results are consistent with increased false alarms of auditory word recognition memory and highlight the selective verbal memory impairment in PPA (Table 3) .
Correlations and cortical atrophy
Vertex-wise thickness analyses across the left and right hemispheres were used to identify areas of neurodegenerative cortical atrophy within our agrammatic PPA participants. Consistent with previous reports (Rogalski et al., 2011) , as a group, participants with nonsemantic PPA showed atrophy through the left perisylvian cortex, including atrophy in the inferior frontal gyrus, the superior and middle temporal gyri, temporal parietal junction and the inferior temporal gyrus (Fig. 2) .
Thickness was extracted from our four a priori ROIs (IFG, STG, L-TP and R-TP). Our sample of non-semantic PPA had significantly more atrophy within the left IFG (t(1,54)=4.59, p < 0.001) and left STG (t (1,54)=8.28, p < 0.001), but not within the left (t(1,54)=2.33, p > 0.1) or right (t(1,54)=0.52, p > 0.1) temporal pole. Thus, cortical thinning measured by ROI is consistent with patterns of atrophy typical in non-semantic PPA (Rogalski et al., 2011) .
Mean thickness for each ROI was then correlated with false alarms for each stimulus modality (visual object, auditory word, visual word) (Fig. 3B) False alarms within the visual object condition correlated with cortical thickness in the R-TP (r=−0.68, p=0.0007), but not with thickness in the L-TP (r=−0.33, ns), the L-STG (r=0.12, ns) or the L-IFG (r=−0.12, ns). Thus, PPA participants with greater cortical thinning of the right temporal pole had worse performance within the visual object condition.
Discussion
The present study examined memory for objects and words as tested by recognition accuracy. Compared to healthy controls, individuals with PPA showed similar levels of true (hit) recognition. Both healthy controls and individuals with PPA also showed greater true recognition for objects compared to word stimuli. This result was not surprising given the abundance of research in control populations suggesting that deeper perceptual encoding allows more accurate recognition and recall memory for objects compared to words (Grady et al., 1998; Schacter et al., 1997) .
While true hits did not differ from controls, individuals with PPA had higher levels of false alarms across all conditions, and critically, had higher levels of false alarms for auditory word stimuli compared to visual object stimuli. Higher incidence of false alarms has been used as a marker of episodic memory impairments in aging (Duarte et al., 2010) and Alzheimer's dementia (Abe et al., 2011; Budson et al., 2006) . However, the selective impairment in recognition of auditory word stimuli and not visually presented object stimuli presented in this study coincides with the selective language impairments of non-semantic PPA and supports the contention that poor memory is a secondary manifestation of the language impairment.
More false alarms in the auditory word condition were related to greater cortical thinning within the inferior frontal gyrus, a common Fig. 2 . Peak PPA group atrophy patterns. Significant peak atrophy patterns, as measured by cortical thickness, for PPA participants (n=21) compared to controls (n=35) are represented on the lateral and medial views of the left and right hemisphere. False discovery rate was stringently set to 0.001 to highlight peak atrophy; warmer colors represent significant thinning and corresponding p-values are displayed by the color bar. region of peak atrophy in non-semantic PPA. Functional imaging studies have suggested that preserved auditory word recognition in healthy older adults is related to inferior frontal gyrus activity (Roxbury et al., 2015) . As older adults engaged in word-learning tasks rely more on phonological encoding than semantic knowledge (Service E, 1993) , the L-IFG atrophy in PPA could directly affect the ability to engage verbal strategies, resulting in poor encoding and ultimately poor recognition memory performance. Another finding in this study is that higher false alarms for auditory words was associated with left temporal pole thickness, while higher false alarm for visual objects was associated with right temporal pole thickness. Although the relationship between visual word recognition memory performance and atrophy of the left temporal pole was only trending, the relationship between recognition performance and cortical thickness across all conditions supports the dissociation of verbal and object recognition in the left and right temporal poles. These results are consistent with the dual-route model suggesting a domain-specific (rather than domain-independent) roles for the anterior temporal poles . Non-verbal object recognition impairments may actually arise from bilateral damage to the temporal poles. This is consistent with other studies in which non-verbal object recognition was worse in PPA cases with bilateral temporal pole atrophy compared to those with unilateral left temporal pole atrophy .
One study has found hippocampal atrophy within non-semantic PPA (Gorno-Tempini et al., 2004), though only in the logopenic subtype A.S. Nilakantan et al. Neuropsychologia 100 (2017) 10-17 where underlying pathology is often Alzheimer's disease. In contrast, other studies found no differences in hippocampal volume in PPA compared to healthy controls (van de Pol et al., 2006) , and found no relationship between medial temporal volume and memory performance across subtypes and related syndromes (Irish et al., 2015; Mansoor et al., 2015) . Another study including a mix of agrammatic and logopenic non-semantic PPA patients found that even in the absence of overt deficits in memory when compared to controls, subtle hippocampal shape surface deformities were related to memory performance (Christensen et al., 2015) . Future longitudinal studies will show whether the memory perturbations in PPA are exclusively caused by damage within the language network or whether they also relate to the eventual spread of pathology to the hippocampal complex. In a smaller study in a cohort including all subtypes, we had previously shown that PPA was associated with higher false alarms of visually presented words compared to objects (Rogalski et al., 2007) . The previous study did not include enough participants across each subtype to differentiate memory performance by specific language impairments. As such, worse recognition memory in the auditory modality compared to the visual modality could represent initial speech and auditory vulnerabilities (Grube et al., 2016) specific to mild nonsemantic PPA.
Additional support for the material-specificity of memory impairments in PPA comes from the Three Words Three Shapes test, designed to test recall and recognition memory for non-verbal abstract objects compared to words (Weintraub et al., 2000) . PPA patients showed specific impairments in online encoding and retrieval of verbal, but not non-verbal items; while patients with dementia of the Alzheimer type showed impairments for both verbal and non-verbal items (Kielb et al., 2016; Weintraub et al., 2013) reinforcing the notion that learning and memory impairments observed in PPA are a secondary result of aphasia.
In summary, this study further demonstrates that memory impairments in PPA can be attributed largely to deficiencies in stimulus encoding within the language network of the left hemisphere.
